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Abstract
Experiments in several species have shown that the axial elongation rate of the developing eye can be increased or decreased
by manipulating the visual environment, indicating that a visually guided emmetropization mechanism controls the enlargement
of the vertebrate eye during postnatal development. Previous studies in tree shrews (Tupaia glis belangeri ) suggest that regulation
of the mechanical properties of the sclera may be an important part of the mechanism that controls the axial elongation rate in
this mammal. To learn whether the mechanical properties of the sclera change when the axial elongation rate is increased or
decreased under visual control, uniaxial mechanical tests were performed on 3-mm wide strips of tree shrew sclera. The creep rate
was measured under 1, 3, and 5 g of tension, maintained for 30 min at each level. The modulus of elasticity was calculated from
the elastic extension that occurred when the force was increased from 0 to 1 g, l to 3 g, and 3 to 5 g. Both were measured in the
sclera of both eyes from animals exposed to four experimental conditions: (1) Normal development, at intervals from the day of
natural eyelid opening (day 1 of visual experience [VE]) to greater than 5 years of age; (2) Monocular form deprivation (MD),
for varying lengths of time; (3) Recovery from MD; (4) Monocular 5 D lens treatment. The creep rate was low in normal
animals (1–2% elongation:h), did not change significantly between day 1 and day 75 of VE, and was not significantly different
between the two eyes. Four days of MD produced a 200–300% increase in creep rate in the sclera from deprived eyes. Creep rate
remained similarly elevated after 11 and 21 days of MD. After 2 days of recovery, which followed 11 days of MD, the creep rate
of sclera from the recovering eyes was below normal levels. In animals that wore a monocular 5 D lens for up to 21 days, creep
rate increased, and then decreased, in concert with the increase, and decrease, in axial elongation rate as the eyes compensated
for the lens. The modulus of elasticity of the sclera was not significantly affected by any manipulation. The temporal
correspondence between changes in axial elongation rate and changes in creep rate support the hypothesis that regulation of the
time-dependent mechanical properties of fibrous mammalian sclera plays a role in controlling axial elongation rate during both
normal emmetropization and the development of refractive errors. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Studies in which animals received monocular form
deprivation or wore concave or convex lenses have
demonstrated that the visual environment regulates the
axial length of the vertebrate eye during postnatal
development (Sherman, Norton & Casagrande, 1977;
Wiesel & Raviola, 1977; Wallman, Turkel & Tracht-
man, 1978; Schaeffel, Glasser & Howland, 1988; Irving,
Callender & Sivak, 1991; Siegwart & Norton, 1993;
Hung, Crawford & Smith, 1995). Because the axial
length is determined primarily by the size of the scleral
shell of the eye, visual regulation of axial length must
involve control of the enlargement of the scleral shell.
The composition of sclera varies across species. In
tree shrews, humans, and other placental mammals the
sclera is a viscoelastic fibrous connective tissue com-
prised primarily of interwoven lamellae of type I colla-
gen fibers with interspersed proteoglycans (Walls, 1942;
Torczynski, 1982; Kang, 1994; Norton & Miller, 1995;
Norton & Rada, 1995; Rada, Achen, Perry & Fox,
1997). In avians the sclera has an additional cartilagi-
nous layer containing type II collagen and large proteo-
glycans, as well as a fibrous layer resembling the
mammalian fibrous sclera (Walls, 1942; Torczynski,
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1982; Gottlieb, Joshi & Nickla, 1990; Rada &
Matthews, 1994).
In tree shrews, as in humans, normal postnatal
eye growth can be divided into an initial (‘infantile’)
rapid elongation phase and a secondary (‘juvenile’)
slow elongation phase (Sorsby, Benjamin, Sheridan,
Stone & Leary, 1961; Norton & McBrien, 1992;
Fledelius & Christensen, 1996; Siegwart & Norton,
1998). In tree shrews, the rapid elongation phase oc-
curs during approximately the first 6 weeks after
birth (Siegwart & Norton, 1998) and involves scleral
growth. The amount of total protein and of 4-hy-
droxyproline (an index of collagen) increases rapidly
(Norton & Miller, 1995). Scleral thickness and vol-
ume also increase during this period (Kang, 1994).
During the slow elongation phase scleral collagen
levels, scleral thickness, and volume, remain nearly
constant (Kang, 1994; Norton & Miller, 1995).
Tree shrew eyes deprived of form vision during
the secondary, slow elongation phase elongate exces-
sively and become myopic but do not show bio-
chemical or histological signs of increased scleral
growth (Kang, 1994; Reeder & McBrien, 1994; Nor-
ton & Miller, 1995; Norton & Rada, 1995). Instead,
the sclera thins more than is needed to cover the
enlarged globe (Norton & Kang, 1996). The sclera
of the deprived, myopic eyes has lower levels of col-
lagen and sulfated glycosaminoglycans (Norton &
Miller, 1995; Norton & Rada, 1995) and the ratio
of active to latent gelatinase A is elevated in com-
parison to control eyes (Guggenheim & McBrien,
1996). In form deprived chick eyes, the fibrous layer
thins in a similar fashion to mammalian fibrous
sclera (Gottlieb, Joshi & Nickla, 1990). However,
the cartilaginous layer grows, showing a substantial
increase in synthesis of the large proteoglycan, ag-
grecan (Christensen & Wallman, 1991; Rada &
Matthews, 1994; Marzani & Wallman, 1997).
The data in tree shrews suggest that the enlarge-
ment of the scleral shell during the secondary, slow
elongation phase, both in normal eyes and in eyes
developing an induced myopia, is not due primarily
to either scleral growth or passive stretching of ex-
isting scleral material. Rather, it appears that an ac-
tive remodeling of the sclera must occur, resulting in
the lower levels of collagen and sulfated gly-
cosaminoglycans in the sclera. Because it does not
appear that intraocular pressure (IOP) increases dra-
matically during the development of induced myopia
(Norton, unpublished data), the observed increase in
axial elongation rate very likely involves a change in
the mechanical properties of the sclera, making it
more extensible to normal IOP. If so, the axial
elongation rate would be determined by a dynamic
relationship between the expansive force of intraocu-
lar pressure and the ability of the scleral shell to
resist that expansive force.
Elasticity and creep are two mechanical properties
that could be affected by tissue remodeling and that
could affect the sclera’s ability to resist the expan-
sive force of IOP. An elastic response is an instanta-
neous extension (or compression) due to an applied
force. Creep is a time-dependent response character-
ized by gradual, continued extension (or compres-
sion) while the applied force remains constant. A
decrease in the modulus of elasticity, or an increase
in creep, could allow the scleral shell to expand
without an increase in intraocular pressure. Our
working hypothesis is that regulation of either, or
both, of these properties by controlled tissue remod-
eling could regulate the axial elongation rate of the
eye.
Previous studies have examined elasticity and
creep in scleral tissue under various conditions
(Gloster, Perkins & Pommier, 1957; St.Helen &
McEwen, 1961; Curtin, 1969; Woo, Kobayashi,
Schlegel & Lawrence, 1972; Battaglioli & Kamm,
1984; Smolek, 1988; Cahane & Bartov, 1992). Strips
of sclera removed from the eye have been examined
(Gloster, Perkins & Pommier, 1957; Curtin, 1969;
Avetisov, Savitskaya, Vinetskaya & Iomdina, 1984;
Arciniegas & Amaya, 1986; Friberg & Lace, 1988;
Phillips & McBrien, 1995; Phillips, Khalaj & Mc-
Brien, 1997) as has the scleral response to whole eye
inflation (Richards & Tittel, 1973; Greene & McMa-
hon, 1979; Taber, 1984; Greene, 1991). Avetisov,
Savitskaya, Vinetskaya & Iomdina (1984) found the
tensile strength of scleral strips from myopic human
eyes was lower compared to emmetropic eyes. Green
studied rabbit sclera, describing creep under various
loading conditions and temperatures (Greene, 1991),
but did not examine creep in eyes with an induced
myopia. Phillips & McBrien (1995) examined the
elastic properties of tree shrew sclera from normal
animals and from animals after form deprivation.
They found that the modulus of elasticity was not
different between deprived and control eyes.
No study to date has examined elasticity and
creep under experimental conditions that would al-
low these parameters to be compared with the axial
elongation rate during the time period when an en-
vironmentally-induced myopia is developing. In this
study, we measured the modulus of elasticity and
the creep rate of the sclera under conditions that ex-
perimentally increased, or decreased, the axial elon-
gation rate in order to determine whether changes in
either, or both, of these properties are associated
with changes in axial elongation rate. The results
have been presented in abstract form (Siegwart &
Norton, 1996).
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Fig. 1. Experimental groups in the study. For normal animals, the filled circles indicate the days of VE at which measures were made. For the
treatment groups, filled bars indicate the timing and duration of monocular deprivation (MD). Cross-hatching indicates the timing and duration
of lens wear (5 D, or piano). Open bars indicate recovery (or no lens) periods.
2. Methods
2.1. Subjects
The experimental subjects were 77 tree shrews (Tu-
paia glis belangeri ) raised in a breeding colony at the
University of Alabama at Birmingham. The first day
the lids of both eyes were fully open was designated the
first day of visual experience (VE). This occurred ap-
proximately 3 weeks after birth. All animals were raised
by their mothers and kept in the upper cage of two-
tiered racks under a 14h:l0h light:dark cycle. All exper-
imental procedures were in accordance with The
American Association for the Advancement of Labora-
tory Animal Care (AAALAC) guidelines.
2.2. Experimental groups
Fig. 1 illustrates the ages of the animals and length of
treatment for each group. As in previous studies
(Marsh-Tootle & Norton, 1989; McBrien & Norton,
1992; Norton & Rada, 1995; Siegwart & Norton, 1998),
animals were randomly assigned and the treated eye
was randomly determined with the restriction that there
was an overall balance of males and females and that
only one animal from a given set of parents was placed
in each group.
2.2.1. Normal de6elopment
Ten groups (N3 in each group) of normal animals
were examined, with special attention paid to the infan-
tile and juvenile developmental periods, including the
most susceptible period for development of experimen-
tal myopia between 15 and 45 days of VE (Siegwart &
Norton, 1998). The days of VE at measurement for
each group were 1, 15, 24, 28, 35, 45, 75, approximately
2.5 years, approximately 4.5 years, and old adults (\
4.5 years). Animals in the youngest two groups were in
the infantile, rapid elongation period. Animals at days
24–75 of VE were in the juvenile, slow elongation
period.
2.2.2. Monocular form depri6ation (MD)
Monocular form deprivation (MD) with a translu-
cent diffuser was used to increase the axial elongation
rate (Fig. 1). To examine the time course of the effect
on sclera during the most susceptible period for form
deprivation myopia, three groups (N3 in each group)
were deprived for 4, 11, or 21 days starting at 24 days
of VE. To examine form deprivation effects on sclera
after the most susceptible period has passed, an addi-
tional group (N3) was form deprived for 11 days
from 109 to 120 days of VE. To examine the effect of
a longer period of MD, a fifth group (N3) was form
deprived for 75 days from 45 to 120 days of VE.
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2.2.3. Reco6ery from MD
Recovery from MD was used to decrease axial elon-
gation rate (Fig. 1). Three animals received 11 days of
MD from 24 to 35 days of VE, followed by 2 days of
recovery. In a second recovery group, three animals
received 11 days of MD, followed by 10 days of recov-
ery. Recovery was initiated by unclipping the goggle
frame and allowing binocular visual exposure. Final
refractive and ocular measurements were made on day
37, or day 45, at the end of the recovery period.
2.2.4. Minus 5 diopter lens treatment
A minus power (concave) lens was used to modulate
the axial elongation rate up, and then back down to
normal levels (Fig. 1). When a minus power lens is
placed in front of an eye, tree shrews (Siegwart &
Norton, 1993), chicks (Schaeffel, Glasser & Howland,
1988; Irving, Callender & Sivak, 1991), and monkeys
(Hung, Crawford & Smith, 1995) compensate for the
posterior shift of the focal plane by increasing the axial
elongation rate of the eye until its axial length matches
the displaced focal plane. Tree shrews fully compensate
for a 5 D lens within 14 days (Siegwart & Norton,
1993). To examine the time course of the scleral re-
sponse during compensation for a minus lens, four
groups of animals (N5 in each group) were raised
with a 5 D lens over one eye for 2, 4, 11, or 21 days.
2.2.5. Controls
To control for potential effects on the sclera from the
surgical procedure to install the goggle frame pedestal,
as well as any interference with peripheral vision from
the goggle frame, three animals underwent the surgical
pedestal installation procedure and then wore a goggle
frame with no lens in front of either eye from 24 to 28
days of VE (Fig. 1). To control for possible tempera-
ture effects and optical effects of dirt on the lens, a
group of three animals wore a plano lens (zero power)
over one eye from 24 to 35 days of VE. The plano lens
was not expected to disrupt the visual input to the eye
significantly (Siegwart & Norton, 1993), but in other
ways was identical to the translucent diffusers and 5
D lenses used in the other experiments.
2.3. Techniques
2.3.1. Goggle system
A lightweight goggle frame described previously
(Siegwart & Norton, 1994) was used for monocular
treatments. The animals in the MD experiments were
checked daily to ensure the goggle and diffuser re-
mained properly in place. The diffuser was cleaned
using a sonicator and cotton tipped applicator every
2–3 days as needed. The goggles containing a 5 D or
a plano lens were cleaned twice daily at approximately
09:00–10:00 and 16:00–17:00. The time required to
clean and replace the goggle was approximately 3 min.
The animals were kept in a darkened nest box in dim
light during the time the goggle was being cleaned.
2.3.2. Ocular measurements
Refractive state was measured by streak retinoscopy
as previously described (Norton & McBrien, 1992).
Ophthalmic (1%) atropine sulfate was administered at
least 1 h before the measurements were made to ensure
full cycloplegia. Measurements were made to the
nearest 1 D on the vertical and horizontal axes with the
average of the two taken as the spherical equivalent.
Axial ocular component dimensions were measured
using A-scan ultrasonography as previously described
(Norton & McBrien, 1992; Norton & Rada, 1995;
Siegwart & Norton, 1998). Corneal curvature was not
measured because previous experiments in tree shrews
have shown that corneal curvature is not significantly
affected by form deprivation with a goggle or by minus
lens treatment (Siegwart & Norton, 1993, 1998).
2.3.2.1. Pre-treatment measures. On the designated day
of visual experience (VE), the animals in the MD,
minus lens treatment, and control groups were anes-
thetized (ketamine hydrochloride, 11.5 mg:kg; xylazine
6 mg:kg; with 0.5–2% halothane supplementary anes-
thesia as needed). A-scan ultrasonography was per-
formed to ensure that there was not an abnormal
difference in size between the eyes. Because atropine
treatment may block experimentally induced myopia
(McKanna & Casagrande, 1981; McBrien, Moghaddam
& Reeder, 1993), no cycloplegic was administered and
retinoscopy was not performed. Following ultrasonog-
raphy, the surgical procedure to install the goggle frame
pedestal was performed.
2.3.2.2. Post-treatment measures. At the end of the
treatment period, the animals were anesthetized as de-
scribed above, and retinoscopy and A-scan ultrasonog-
raphy were performed. The animals in the normal
development groups did not undergo the surgical pro-
cedure to install the goggle frame pedestal and were
measured only once on the appropriate day of VE. The
animals in the recovery group were measured using
ultrasonography and cycloplegic refraction twice: once
after completion of the MD period and again at the end
of the recovery period.
2.3.3. Preparation of scleral strips
Following the final ocular measurements, both eyes
were enucleated after the animal had received a lethal
injection of nembutal anesthesia. The eyes were placed
in separate vials containing cold, sterile normal saline
and the vials were placed in a refrigerator at 4°C.
Approximately 30 min were allowed for the eyes to
thoroughly chill to reduce enzymatic activity that could
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degrade the tissue. The first eye was selected (balanced
for equal number of treated:control and left:right eyes
selected first), and dissected in cold, sterile saline. Dis-
section of the second eye began approximately 2 h after
dissection of the first eye began. The 2 h gap was
necessary because the mechanical testing required 2 h
and the apparatus could test only one specimen at a
time. The second eye remained in the refrigerator until
it was dissected.
During dissection, a mild suction was used to hold
the eye by the cornea to facilitate cleaning the exterior
surface. Suction was never applied to the sclera. The
eye muscles, orbital fat, and conjunctive were trimmed
from the exterior surface of the eye and the cornea was
cut away. After removing the lens, vitreous humor, and
retina inner and outer scleral surfaces were gently
scraped with a spatula to remove choroid and remain-
ing eye muscle. A 3-mm wide strip (Fig. 2) was then cut
from the posterior sclera with a razor blade jig. This
location was chosen because the greatest anatomical
and biochemical changes occur in posterior sclera dur-
ing experimentally induced myopia in tree shrews
(Kang, 1994; Reeder & McBrien, 1994; Norton &
Rada, 1995). Care was taken to insure that all strips
were cut at a similar orientation to minimize any differ-
ence due to possible anisotropy.
2.3.4. Measurement of scleral thickness
The thickness of the scleral strip was measured opti-
cally with a microscope in six the ten normal groups, in
one of the MD groups, in one of the MD:recovery
groups, and in all of the 5 D lens treated groups. The
strip was placed on a microscope slide in a pool of
saline and a cover-slip was applied. Given that the
scleral strips were all 3 mm wide and approximately the
same length, and that the same size cover-slip was
always used, the compressive force that was applied to
the strips should have been nearly identical. Measure-
ments were taken by first focusing on the top surface of
the sclera and then on the top surface of the slide and
noting the vertical travel of the microscope stage. Five
measures were taken in different locations and aver-
aged. Because saline was the medium being focused
through, a correction factor was necessary. The appar-
ent thickness obtained from the microscope was multi-
plied by the refractive index of saline (1.336) to obtain
the true thickness (Freeman & Hasler, 1990). The cor-
rection factor was confirmed to within 3% experimen-
tally by measuring the thickness of a cover-slip (in place
of the scleral strip) which was approximately the same
thickness as the sclera.
2.4. Mechanical tests
A Vitrodyne V-200 miniature materials tester (Liveco
Biomechanical Instruments) was used to apply con-
trolled amounts of tension to the scleral strips and to
measure the elongation. This equipment was specifically
designed for mechanical testing of small samples at
small loads. Resolution was 0.01 g and 2.5 mm,
respectively.
The scleral strips were carefully mounted between
plexiglas clamps for testing. Particular care was taken
to insure that all strips were handled in a similar
fashion. A spacer was placed between the clamps to
stabilize the clamps, provide a platform to bridge the
gap between the clamps while loading the tissue, and
ensure a known starting length of 5080 mm. To insure
that the scleral strip was clamped in a completely
relaxed condition, it was floated into position in a pool
of saline. When the strip was properly positioned, the
saline was wicked away with a cotton tipped applicator
which allowed the strip to settle onto the spacer and
clamp faces. The clamps were then carefully closed and
secured with screws taking care not to disturb the strip.
The torque applied to the fastening screws was not
measured, but no slippage of the strip from under the
clamps was ever observed. Once the strip was secured
in the clamps, the displacement readout in the control
unit was zeroed and the spacer was removed. This
allowed the strip to sag. The forcing frame assembly
was then inverted and the clamps and scleral strip were
immersed in room temperature saline. To remove the
slack in the strip, the clamps were moved apart by
manually operating the vitrodyne controller until force
was first noted. The clamps were moved back and forth
several times to find a consistent point at which the first
sign of tension appeared. The length on the readout at
that point plus the tare of 5080 mm was taken as the
starting length. Other than this procedure to find a
consistent starting point, the strips were not
preconditioned.
Fig. 2. Location and orientation of the scleral strip removed from
each eye for testing. Each strip was approximately 15 mm long, with
5 mm on each end held in clamps. The central 5.08 mm between the
clamps (cross hatching) was the portion of the sclera tested.
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Fig. 3. Creep test illustration. The scleral strip was loaded with l, 3,
and then 5 g of tension for 30 min each. The response of the tissue is
presented as percent elongation versus time. Creep rate was calcu-
lated as the slope of the response curve between 5 and 30 min for
each 30 min segment. Modulus of elasticity was calculated from the
elastic strain that occurred during the first 5 s after the load was
increased at each tension level, as indicated by the dotted lines.
3. Creep rate can be calculated from different por-
tions of the curve. After comparing measures from
various portions of the 30 min response curve, it was
decided to take creep rate as the slope of the curve
between 5 and 30 min for each of the three 30 min
segments. This 25 min time period was long enough
to provide a valid estimate of creep rate and included
the region where creep was the most linear. The slope
was calculated as a least squares line fit to the data
and creep rate was expressed as percent elongation
per hour.
2.4.2. Modulus of elasticity
The modulus of elasticity was calculated from the
elastic strain that occurred when the load was in-
creased for each creep test (Fig. 3). To calculate the
modulus of elasticity, the cross-sectional area of the
sample must be known so that stress can be deter-
mined. In those samples where the scleral thickness
was not measured, it was assumed to be the same in
both eyes. This was consistent with the cases where
thickness was measured and the treated eye sclera
was not found to be measurably thinner (see Section
3). If the deprived eye scleras were in fact thinner
than the control eye scleras, then the modulus of
elasticity value would be higher which should reduce
the extensibility of the sclera. The modulus of elastic-
ity (E), was expressed in megapascals (MPa).
In a relaxed state, or under low tension, the scleral
lamellae tend to be wavy. As increasing tension is
applied, the wavy lamellae straighten and an increas-
ing number of collagen fibers take up a portion of
the applied load (‘recruitment of fibers’) causing the
sclera to become stiffer (Gathercole & Keller, 1991;
Ker, 1992). At low tensions, in the non-linear portion
of the stress-strain response curve known as the ‘toe’
region, the modulus of elasticity of the sclera in-
creases as higher tension is applied. Stress-strain re-
sponses to tensions of 0–50 g were measured in most
strips after the completion of the creep test. This al-
lowed us to verify that the creep and modulus of
elasticity measures were obtained with tensions in the
toe region.
2.4.3. Statistical tests
The software package statistica (Statsoft, OK) was
used for statistical analysis of the data. Analysis of
variance (ANOVA) and least significant difference
(LSD) post hoc tests with an alpha level of 0.05 were
used to test statistical significance. Each main cate-
gory (normals, MD, 5 D lens, MD:recovery, con-
trols) was analyzed as a group. In several instances,
indicated in the text, paired or unpaired t-tests were
used.
2.4.1. Creep test
The creep test consisted of applying 1, 3, and then
5 g of tension to the scleral strips for 30 min at each
tension (Fig. 3). These three loads approximate the
scleral tensile stress produced by 12, 36, and 60
mmHg intraocular pressure in the intact tree shrew
eye as calculated from the Laplace equation (Fried-
man, 1966). Approximately 15 mmHg is average, nor-
mal IOP in the human eye. In a preliminary
experiment in this laboratory, measures of IOP with a
cannula in the vitreous chamber in a tree shrew
recorded a slightly lower value of approximately 12
mmHg. However, this was an anesthetized animal
and IOP may be slightly higher in awake animals.
The stress produced in the scleral strip by 3 and 5
g of tension is greater than the stress produced by
normal IOP in the intact eye. These stress levels were
included to obtain an estimate of creep rate stress
dependence. Directly proportional stress dependence
would mean that creep rate doubles when the stress
(force:area) is doubled. Because the same three loads
(1, 3, and 5 g) were applied to all strips, a difference
in scleral thickness due to age or treatment would
mean a difference in the stress (force:area) produced
by the load. Therefore, if creep rate were highly de-
pendent on stress level, the potential existed for dif-
ferent creep rates without there being a difference in
the mechanical properties of the scleral material itself.
As will be shown in Section 3, tree shrew sclera
showed very low levels of stress dependence so that
scleral thickness was not an important factor.
The creep test was computer controlled. Raw data
consisted of time (s), tension on the strip (g), and
specimen length (mm), sampled once per second by
the computer. A typical creep curve is shown in Fig.
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3. Results
3.1. Normal de6elopment
3.1.1. Refracti6e state and axial elongation rate
As expected from previous studies (Norton & Mc-
Brien, 1992), the 1 day of VE animals were very hyper-
opic (mean9S.D.37.295.8 D), indicating that the
axial length was shorter than the focal plane. During
the first 2 weeks of VE, the normal pattern of rapid
axial elongation reduced the hyperopia by approxi-
mately 26 D. After 15 days of VE, axial elongation and
the reduction in hyperopia were much slower during
the juvenile period (Fig. 4).
The average axial length measured in each normal
group is plotted in Fig. 4A. A composite axial length
Fig. 5. Examples of creep tests on scleral strips from the right and left
eyes of normal animals at l day of VE and at 7 years of age.
curve composed of cross-sectional data from 109 nor-
mal animals studied in this laboratory (Siegwart &
Norton, 1998) (including 15 of the normal animals in
this study) is shown for comparison. The data from the
animals in this study is similar to the composite data,
but, due to the normal variation in axial length and the
small number of animals in each group, the curve is not
as smooth as the composite curve.
Axial elongation rate, derived from the axial length
data, is shown in Fig. 4B. Similar to axial length (Fig.
4A), the axial elongation rate curve for the normal
animals in this study generally reflects the composite
curve, but is not as smooth. Because the composite
includes more animals, it provides a more accurate
estimate of normal axial elongation rate in tree shrews.
Thus, the composite data were used in this study as the
normal standard for comparison with axial elongation
rates in the treated groups.
3.1.2. Creep rate
The creep test data from the right and left eye scleral
strips of a normal 1 day of VE animal are shown in
Fig. 5. The two eyes showed slightly different initial
elastic extensions, but the creep rates at all three ten-
sion levels are very similar between the two eyes. The
creep test results from a 7 year old normal animal (Fig.
5) showed less initial extension and a low creep rate,
typical of older animals. As in the young animal, the
creep rate was very similar in both eyes.
The average creep rate for the normal developing
animals is plotted in Fig. 6. The average creep rate in
right versus left eyes was not significantly different in
any normal group (ANOVA, LSD, NS, P\0.05), and
right and left eye creep rates were significantly corre-
lated at 1 g (r20.66), 3 g (r20.57), and 5 g (r2
0.53) (PB0.05). Although the creep rate decreased
slightly with increasing age, the change from 1 to 75
days of VE was not significant (ANOVA, NS, P\
0.05). When the older adult animals (2.5, 4.5, and
Fig. 4. (A) Axial length versus days of VE for normal animals. The
filled circles represent the axial lengths of the normal animals in this
study. The filled triangles indicate the average axial lengths from 109
normal animals (left and right eye averaged for each animal.) Error
bars represent one standard deviation. (B) Axial elongation rate
calculated from the axial length data in A. Here, and in Fig. 8C, Fig.
11C, Fig. 12C, Fig. 14, each data point is the slope of a correspond-
ing segment on the plot of axial length (e.g. change in axial length
divided by number of days). No error bars are associated with the
rate values because they were derived from axial length values that
were cross-sectional, rather than longitudinal (e.g. axial length was
measured at only one age.) As a result, beginning and ending values
for individual animals were not available for each segment. The rate
values are plotted on the abscissa at the midpoint between the axial
length measures for each group (e.g. the change in axial length
between the 24 day VE animals and the 28 day VE animals is plotted
at 26 days).
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Fig. 6. Creep rate versus days of VE in normal animals. Right and left eye values were averaged. Then, the resulting value for each animal was
averaged, such that each data point represents a value from three animals.
\4.5 year groups) were included, the creep rate de-
clined significantly with age, reflecting the very low
creep rates in old adult animals. The creep rate was not
significantly higher at day 1 of VE, when the axial
elongation rate was high, than it was a few weeks later
when the axial elongation rate was much lower (Fig. 4).
Thus the high axial elongation rate measured during
the infantile period in the young tree shrews was not
due to a high creep rate.
Creep rate stress dependence in normal sclera is
shown in Fig. 7. The young animals showed almost no
stress dependence. The old animals showed somewhat
higher creep rates at higher tensions, but the creep rate
did not increase in direct proportion to the stress. The
difference in creep rate at 1, 3, and 5 g was statistically
significant only in the 2.5 year old adult group
(ANOVA, PB0.05), an age when susceptibility to in-
duced myopia is low or absent (Siegwart & Norton,
1998). This very low creep rate stress dependence pro-
vided assurance that small changes in scleral thickness
could not alter the creep rate. For example, when the
creep rate at 3 g of tension is the same as at 1 g, the
stress on the tissue at 3 g is the same as would have
been produced at 1 g if the sclera were a third its
original thickness. Thus, small changes in scleral thick-
ness, such as those expected in the MD, Recovery, and
5 D lens groups, could not produce important
changes in the creep rate if the sclera in the treated eyes
displayed a similar absence of creep rate stress
dependence.
3.1.3. Modulus of elasticity
The modulus of elasticity values of the sclera from
the normal animals are provided in Table 1. As was the
case with creep rate, there was not a significant differ-
ence between right and left eyes. The modulus of elas-
ticity did not change significantly with age from 1 to 75
days of VE (ANOVA, NS, P\0.05) but was slightly
Fig. 7. Creep rate stress dependence in normal animals. The ratio of
the creep rate at 3 and 5 g to the creep rate at 1 g is indicated on the
ordinate. The solid line indicates directly proportional stress depen-
dence. Filled diamonds indicate older animals (2.5, 4.5, \4.5 year)
Filled circles indicate younger animals (1 day to 75 days of VE).
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Table 1
Modulus of elasticity (MPa) of normal sclera
Thickness (mm) 3–5 g1–3 g0–1 gGroup
S.E.M. MeanMean S.E.M. Mean S.E.M. Mean S.E.M.
0.34 0.8712.881 5.56110a — 0.69 0.07
0.65 12.5615 115a — 0.96 0.32 0.525.96
0.35 14.6924 125 3 0.76 0.10 6.32 0.94
16.510.1828 0.50122 6.376 0.75 0.08
6.76 0.14 16.4335 1.48121 5 1.00 0.01
0.85 14.1045 120a — 1.36 0.23 7.65 1.12
13.120.1675 0.62120a 6.53— 1.02 0.13
7.67 0.63 16.002.5 years 113 1.045 1.60 0.16
1.29 18.134.5 years 109 4 1.69 0.11 8.85 1.70
14.750.35\4.5 years 2.48108 7.442 1.99 0.23
a Estimated from measures by Kang (1994).
higher in the old adult animals. The trend toward a
decrease in creep rate and an increase in the modulus of
elasticity with age is consistent with the sclera becoming
‘tougher’ or more resistant to deformation by an ap-
plied force as it ages. As described in the Methods,
sclera does not have a single modulus of elasticity when
measured in the non-linear ‘toe region’. Thus, the mod-
ulus of elasticity was higher at 3 g than at l g, and
higher still at 5 g. Based on load-displacement tests
using tensions of 0–50 g (data not shown) we found
that the modulus of elasticity continued to increase
until the tension reached approximately 10 g.
3.2. Form depri6ation
3.2.1. Refracti6e state and ocular component
dimensions
Refractive values and ocular component dimensions
of the MD animals are presented in Table 2. MD
produced a myopic shift and an increase in vitreous
chamber depth in the deprived eyes, relative to the
control eyes, that increased almost linearly with the
duration of the deprivation (Fig. 8A). Consistent with
other studies (McKanna & Casagrande, 1978; McBrien
& Norton, 1992; Norton & Rada, 1995), the crystalline
lens of the deprived eyes was slightly, but significantly
thinner than the lens in the control eyes (across groups,
mean difference9S.E.M., 0.01490.005 mm, paired
t-test, PB0.05). MD from 45 to 120 days of VE
produced a large relative myopia and increase in vit-
reous chamber depth (Table 2). Eleven days of MD
from 109 to 120 days of VE did not produce a signifi-
cant difference in refraction, vitreous chamber depth, or
axial length, confirming the reduced susceptibility
found previously in older animals (Siegwart & Norton,
1998).
Axial elongation of the treated and control eyes is
shown in Fig. 8B. The axial elongation rate is shown in
Fig. 8C. The deprived eyes elongated more rapidly than
the control eyes throughout 21 days of MD. The axial
elongation rate in the control eyes was not significantly
different than in age matched normal eyes.
3.2.2. Creep rate
The creep test results from two MD animals are
shown in Fig. 9. In both examples the sclera from the
deprived eye had a higher creep rate than the control
eye sclera. This was the case for all 15 animals in the
MD groups. The average creep rates of the sclera in the
MD groups are shown in Table 2 and Fig. 10. The
creep rate was significantly higher in deprived eye sclera
than in control eye sclera in each group, at all tension
levels (ANOVA, LSD, PB0.05). The difference in
creep rate between the deprived and control eye scleras
was similar after 4, 11 and 21 days of MD (ANOVA,
NS, P\0.05). Creep rate in the sclera from the de-
prived eyes was always higher than the creep rate of the
sclera from age-matched normal animals (Fig. 10).
Creep rate in the control eyes was not significantly
different than in age matched normal eyes.
Fig. 14A illustrates the temporal correspondence be-
tween the axial elongation rate and the creep rate
during 21 days of MD. Both were elevated in the
deprived eye after 4 days of MD and both remained
high after 11 and 21 days of MD.
As was found in sclera from normal animals (Fig. 7),
the creep rate of the deprived and the control eye
scleras of the MD groups (data not shown) showed
very little stress dependence. The control eyes, like
normal developing eyes, showed almost no stress de-
pendence. Although the deprived eyes consistently
showed slightly higher stress dependence than the con-
trol eyes, the creep rate at 3 and 5 g was not signifi-
cantly different than the creep rate at 1 g in any group
(ANOVA, NS, P\0.05). As described earlier in this
section, the low creep rate stress dependence of the
deprived eye scleras indicates that their substantially
higher creep rates cannot be explained by a thinning of
the sclera in the deprived eyes.
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3.2.3. Modulus of elasticity
The modulus of elasticity values for the MD animals
are shown in Table 3. The values for the deprived and
control eyes did not differ significantly in any group at
any tension level. Scleral thickness was not measured in
the 24–28, 24–35, or 24–45 MD groups. The thickness
of the sclera of both eyes was estimated at 120 mm
based on the measurements of Kang (1994) and on the
measurements of the other animals in this study. If the
deprived eye scleras were in fact thinner than the con-
trol eye scleras, then the modulus of elasticity value
would be higher. The lack of a difference assuming
equal thickness shows that the modulus of elasticity
was not lower in the deprived eyes, but could possibly
have been slightly higher. However, a higher modulus
of elasticity would reduce the extensibility of the sclera.
This is the opposite of the increased extensibility ob-
served in the sclera from the deprived eyes.
3.3. Reco6ery from depri6ation-induced myopia
3.3.1. Refracti6e state and ocular component
dimensions
Refractive values and ocular component dimensions
for the two MD:recovery groups are presented in Table
2. In the group measured after 2 days of recovery, the
induced myopia in the recovering eyes decreased by
2.891.2 D and the vitreous chamber difference de-
creased by 0.0390.03 mm. In the group that recovered
for 10 days, the induced myopia declined by 7.191.0
D and the difference in vitreous chamber depth de-
creased by 0.0890.01 mm (Fig. 11). Similar recovery
from deprivation induced myopia has been reported
previously (McBrien & Lawlor, 1995; Siegwart & Nor-
ton, 1998). The normalized axial elongation and the
axial elongation rate in the treated and control eyes
during deprivation and recovery are shown in Fig. 11
for the group that recovered for 10 days. The axial
length of the deprived eyes was significantly shorter
after recovery than it had been after MD in all six of
the animals in the 2 day and the 10 day recovery groups
(Fig. 11B, average reduction 9S.E.M. 0.0690.01
mm; paired t-test, PB0.05). This supports the report
by Guggenheim & McBrien (1996) that axial length in
tree shrew eyes can decrease slightly during recovery
from induced myopia. The axial elongation rate in the
treated eyes thus had a negative value during recovery
(Fig. 11C). The axial elongation rate in the control eyes
was similar to that of age-matched normal eyes.
3.3.2. Creep rate
Creep rates for the MD:recovery animals are shown
in Table 2 and Fig. 10. The creep rate in the recovering
eye sclera was much lower than the elevated creep rate
found in the sclera of deprived eyes after 11 days of
MD. After 2 days of recovery the creep rate at 1 g was
significantly lower in the recovering eye than in the
control eye (paired t-testB0.05). At other tension lev-
els, the creep rate was lower, but not significantly, in
the recovering eye sclera, compared to the control eye
sclera. These data show that the creep rate could
change very rapidly when the form deprivation was
removed and the eye was exposed to a normal visual
environment.
Fig. 8. Refractive and axial elongation effects of MD. (A) The
difference in refraction (spherical equivalent by retinoscopy) between
the deprived and control eyes after 4, 11, and 21 days of MD.
Asterisks indicate significant differences (PB0.05) between the de-
prived eye and the control eye values. (B) Average axial elongation of
the deprived (filled circles) and control (open circles) eyes as a
function of the duration of the MD. Values for each animal were
normalized to the pre-treatment axial length measured at 24 days of
VE. (C) Average axial elongation rate for the deprived and control
eyes, derived from the normalized axial elongation curves in B as
described in Fig. 4’s legend. The dashed lines in B and C are normal
composite data from Fig. 4.
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Fig. 9. Examples of creep tests on scleral strips from the deprived and control eyes of individual animals after MD. (A) An animal that received
MD from 24 to 28 days of VE. (B) An animal that received MD from 24 to 45 days of VE.
3.3.3. Modulus of elasticity
The modulus of elasticity values for the MD:recovery
animals are shown in Table 3. The modulus of elasticity
was calculated using an estimated scleral thickness of
120 mm for both the recovering and control eyes in the
10 day group (Kang, 1994). In both groups the mod-
ulus of elasticity values of the recovering eye sclera
were not significantly different than the values of the
control eye scleras and the values for both were not
significantly different from age matched normals
(AVOVA, LSD, NS, P\0.05).
3.4. Minus 5 D lens treatment
3.4.1. Refracti6e state and ocular component
dimensions
Refractive values and ocular component dimensions
of the 5 D lens animals are presented in Table 4. As
shown in Fig. 12, 2 days of 5 D lens wear produced
a very small difference in the refractive state and axial
length of the treated eye, relative to the control eye. At
4 days of lens wear produced a significant difference
between the treated and control eyes, and after 11 days
the treated eyes had fully compensated for the 5 D
lens both in the refractive measure (Fig. 12A) and in
axial length (Fig. 12B). These differences were main-
tained after 21 days of 5 D lens wear. The axial
elongation rate of the treated and control eyes during
compensation for the 5 D lens is shown in Fig. 12C.
The treated and control eyes did not show a difference
in elongation rate during the first 2 days of lens wear.
Between 2 and 4 days of treatment the axial elongation
rate in the treated eyes was high while the rate in the
control eyes was low. Between 4 and 11 days of 5 D
lens wear, the axial elongation rate in the treated eye
declined toward normal levels. Between 11 and 21 days
of 5 D lens wear the axial elongation rate in the
treated eyes was at a normal level. The period of most
active modulation of axial elongation rate occurred
between 2 and 11 days of lens wear.
3.4.2. Creep rate
The creep rate values of the sclera from the four 5
D lens wearing groups are provided in Table 4 and Fig.
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13. Creep rate was significantly higher in the treated
eyes than in the control eyes or age matched normals
after 2, 4, and 11 days of lens wear (ANOVA, LSD,
PB0.05). At 4 days of lens wear, creep rate in the
treated eyes reached a maximum, while the creep rate in
the control eyes was significantly lower than in age
matched normals (unpaired t-test, PB0.05). In animals
that received 11 days of lens wear, creep rate in the
treated eyes had declined toward normal levels. After
21 days of lens wear, when the eyes had compensated
for the 5 D lens and were no longer elongating
excessively, the creep rate in both the treated and
control eyes were within normal limits.
The change in the creep rate in the sclera from both
the treated and the control eyes showed a tight tempo-
ral correlation with the change in axial elongation rate
(Fig. 14B). Both the creep rate and the axial elongation
rate initially increased. Then, as the axial length ap-
proached the shifted position of the focal plane (e.g. as
the eye approached full compensation for the 5 D
lens), both the creep rate and the axial elongation rate
gradually returned toward normal levels.
This rise, and then decline, in creep rate and axial
elongation rate during compensation for the 5 D lens
is similar to that found with MD followed by recovery.
There was an important difference in the stimulus
conditions, however. In the case of the animals that
wore a 5 D lens, form vision always was present.
Also, in the 5 D lens animals, scleral creep rate and
the axial elongation rate returned to normal, but did
not decline to below normal levels as did the treated eye
sclera of the MD:recovery animals (Fig. 11C versus
Fig. 12C.)
The creep rate stress dependence was low in both the
treated and control eye scleras of all four 5 D lens
group. As was observed in the deprived eyes in the MD
groups, the 5 D lens treated eyes showed slightly
higher stress dependence than the control eyes.
3.4.3. Modulus of elasticity
The modulus of elasticity values of the 5 D lens
groups are shown in Table 5. Scleral thickness measures
were made on all of the scleral strips. No significant
difference in thickness was found in any group (paired
t-test, NS, P\0.05). No significant difference in the
modulus of elasticity was found between the treated
and control eyes in any group (ANOVA, LSD, NS,
P\0.05). Neither the treated eyes nor the control eyes
were different from age matched normals. The similar
scleral thickness values, along with the low creep rate
stress dependence, showed that the increased creep rates
in the treated eye scleras could not be attributed to
changes in scleral thickness.
3.5. Control groups
Neither the refractive state nor the axial dimensions
were significantly different between the two eyes in
either of the two control groups (LSD, P\0.05) (data
not shown). Interestingly, the average refractive values
of both eyes of the animals in the plano lens group were
significantly lower than in age-matched normal
animals.
There were no creep rate differences between the two
eyes in either control group and creep rates were not
different than age matched normals. These controls
Fig. 10. Creep rate of the scleral strips from deprived (filled circles)
and control (open circles) eyes for each MD group and for both of
the MD:recovery groups at 1, 3, and 5 g of tension. The data are
plotted at the day of VE when the creep rate was measured. The
dashed lines are the average normal creep rate from Fig. 6. Single
asterisks indicate significant differences (PB0.05) between the MD
and control eye values. Double asterisks indicate significant differ-
ences between recovering and control eyes (PB0.05).
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Table 3
Modulus of elasticitv (MPa) of sclera in the MD and MD:recovery groups
0–1 g 1–3 gGroup 3–5 g
Mean S.E.M. Mean S.E.M.Mean S.E.M.
1.05 12.54MDa D 0.90 0.07 2.156.04
14.221.03 1.3924–28 5.97C 0.60 0.07
1.68 1.18Diff 0.30 0.09 0.07 1.36
0.9814.431.15MDa 7.59D 0.79 0.14
7.55 0.32 15.27 1.3724–35 C 1.20 0.44
0.84 0.500.840.04Diff 0.41 0.33
6.98 0.52 15.68 2.23MDa D 1.13 0.10
3.1317.710.9524–45 7.79C 1.19 0.16
0.81 0.44 2.03 1.00Diff 0.06 0.12
13.98 0.310.38MD 8.85D 0.75 0.07
1.81 16.74109–120 C 1.59 0.12 1.409.58
1.43 2.76Diff 0.84* 0.07 0.73 1.13
16.020.82 1.86MD:reca 7.80D 0.78 0.14
0.34 12.512 day rec C 0.73 0.11 6.50 2.19
2.993.511.101.30Diff 0.05 0.10
6.59 0.87 17.34 3.76MD:reca D 1.27 0.27
0.8214.740.4310 day rec 6.80C 1.08 0.23
0.72 2.60Diff 0.19 0.28 0.21 3.25
rec, recovery; D, deprived eye; C, control eye; Diff, difference.
* PB0.05.
a Scleral thickness estimated at 120 mm.
thus showed that neither the surgery to install the
goggle pedestal nor wearing a (plano) lens affects scle-
ral creep rate.
Scleral thickness was not significantly different be-
tween the two eyes in either control group. The mod-
ulus of elasticity was not significantly different between
eyes and group values were not significantly different
from age matched normals.
4. Discussion
The primary finding of this study is that the time-de-
pendent mechanical property of the sclera, creep, is
regulated by the visual environment in tree shrews, but
the modulus of elasticity is not significantly affected.
4.1. Measurement techniques
4.1.1. Strips 6ersus whole eye
In these experiments, we chose to test strips of sclera
because we felt that the procedure allowed optimal
control of experimental conditions and quantitation of
results. Experiments in which the whole eye was
inflated (Greene & McMahon, 1979) subject the sclera
to a more natural pattern of biaxial tensile stress.
However, because the retina and choroid contribute to
the overall resistance, and because differential stretch-
ing of the sclera may occur, it is not possible to
accurately assess the mechanical properties of specific
parts of the sclera. By testing an isolated strip of sclera
we could be confident that our results apply to poste-
rior pole sclera.
4.1.2. Testing conditions
The intent of this study was to determine whether the
mechanical properties of the sclera changed as a func-
tion of age or changed in the treated vs. the control
eyes. It was thus of primary importance that the test
conditions be equivalent for the two eyes and less
important that the conditions match those experienced
in vivo. The testing temperature has a slight effect on
the mechanical properties of collagenous tissue (Cohen,
Hooley & McCrum, 1976) including sclera (Greene &
McMahon, 1979) such that creep rate increases as
temperature increases. However, mechanical testing of
biological tissue is commonly performed at room tem-
perature for convenience. Although the creep rates
might have been slightly higher if testing had been
performed at body temperature, there is no evidence to
suggest that this would have affected the relative differ-
ence between treated and control eyes or across groups
of animals.
The treatment of the tissue from the time of enucle-
ation to the time of testing also did not affect the
primary results of the study. In the normal animals, the
sclera measured second, after remaining at 4°C for
approximately 2–3 h, did not differ significantly from
the sclera that was tested first. Interestingly, the envi-
ronmentally produced changes in scleral creep seemed
J.T. Siegwart, T.T. Norton : Vision Research 39 (1999) 387–407 401
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quite stable. Scleral strips from MD animals, re-tested
after several weeks storage in 4°C saline, showed a
similar relative difference in creep rate between the
deprived and control eyes that they had shown when
first tested.
4.1.3. In 6itro 6ersus in 6i6o creep 6alues
The creep rates in the scleral strips were higher than
could occur in the intact eye. A continuous creep rate
of 2% elongation:h would translate into an axial elon-
gation rate many times higher than was observed in the
intact eye. The apparent mismatch between in vivo and
in vitro creep may have been due to ‘relaxation’ of the
Fig. 12. Refractive and axial effects of 5 D lens wear. (A) Differ-
ence in ocular refraction after 2, 4, 11, or 21 days of treatment
showing the time-course of compensation for the 5 D lens. Aster-
isks indicate significant differences (PB0.05) between the treated and
control eye values. The power of the lens accounting for effectivity
was 4.9 D. (B) Axial elongation in the four groups, normalized to
the pre-treatment axial length. (C) Axial elongation rate derived from
the axial elongation values in B, as described in the Fig. 4’s legend.
Fig. 11. Refractive and axial elongation effects of MD (11 days)
followed by recovery for 10 days. (A) Difference in refraction (spher-
ical equivalent by retinoscopy) between the MD eye and the control
eye at the end of the MD period and after 10 days of recovery.
Asterisks indicate significant differences (PB0.05) between the MD
and control eye values. (B) Axial elongation, normalized to the
pre-treatment axial length. (C) Axial elongation rate, derived from
the axial elongation values in B as described in the Fig. 4’s legend.
The dashed lines indicate normal values from Fig. 4.
tissue that occurred during strip preparation. During
this time the sclera was relieved of the tension normally
applied by intraocular pressure. In addition, the distri-
bution of stress produced by uniaxial tension on the
strip, which differed from the normal biaxial tension,
also may have contributed to a higher creep rate. On
occasion, scleral strips from MD animals were allowed
to creep for 24 h under 1 g of tension. The creep rate
decreased toward values that would be consistent with
the axial elongation rate of the eye while maintaining a
relative difference in creep rate between deprived and
control eyes.
Taken together, these factors suggest that the in vitro
measure of uniaxial creep rate of scleral strips used in
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this study provides a valid and sensitive measure of the
mechanical properties of the sclera and, particularly, a
useful method to detect changes in its mechanical
properties.
4.2. Modulus of elasticity
The modulus of elasticity values showed no system-
atic change with age from 1 to 75 days of VE and did
not change as a function of form deprivation, recovery
from form deprivation, or during compensation for a
5 D lens. Phillips & McBrien (1995) also reported no
change in the modulus of elasticity in the sclera of
form-deprived tree shrews. Although decreased tensile
strength has been found in the sclera of myopic human
eyes (Avetisov, Savitskaya, Vinetskaya & Iomdina,
1984), and the collagen fibrils of humans (Curtin,
Iwamoto & Renaldo, 1979), tree shrews (Cornell &
McBrien, 1994), and monkeys (Funata & Tokoro,
1990) with a long-standing myopia have been found to
differ from normal, these studies did not examine the
sclera during the onset of the myopia. Our results
indicate that, during the development of an induced
myopia during the juvenile period, there is no change in
the modulus of elasticity of posterior pole sclera.
4.3. Change in creep rate is related to change in axial
elongation rate
In general, across the MD, MD:recovery and 5 D
lens wear groups, changes in creep rate were closely
related to changes in the axial elongation rate (Fig. 14)
in the sign of the change, the pattern of the change and
its timing. Elevated creep rate was not a characteristic
of an enlarged myopic eye. Rather, increased creep rate
was a characteristic of an eye that was elongating
rapidly due to manipulation of the visual input to the
eye.
Both form deprivation and minus lens treatment
rapidly induced an increase in creep rate. This suggests
that an active mechanism related to the visual input to
the eye closely controls scleral extensibility. The bi-di-
rectional pattern of sudden increase and gradual de-
crease in the scleral creep rate and axial elongation rate
in the eyes that wore a 5 D lens (Fig. 14B) suggests
that scleral creep rate is modulated by alterations in the
visual environment that may be related to the amount
of defocus on the retina. In the MD animals, the creep
rate and the axial elongation rate of the deprived eyes
increased rapidly, and then remained elevated at a level
similar to the peak found in the 5 D lens eyes. This
is consistent with the removal, by the translucent dif-
fuser, of visual images that could signal the eye to slow
its elongation. An important distinction between the
animals that wore a 5 D lens and the MD:recovery
animals is that the creep rate and axial elongation rate
gradually declined toward normal in the 5 D lens
eyes once compensation was complete, whereas both
the creep rate and axial elongation rate rapidly de-
creased to below normal levels when deprivation was
removed and the visual images were again present on
the retina. This may reflect the differing stimulus situa-
tions: the 5 D lens situation provided continuous
visual feedback that could guide the elongation of the
eye, whereas recovery, after MD, provided a sudden
restoration of visual images after a period where no
feedback was present.
Fig. 13. Creep rate in the treated and control eyes at 1, 3, and 5 g in
groups measured after 2, 4, 11, or 21 days of 5 D lens wear. A
single asterisk indicates the treated eye was significantly different
from the control eye (PB0.05). A double asterisk indicates that the
control eye was significantly different from age matched normals
(PB0.05).
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Fig. 14. (A) Comparison of scleral creep rate and axial elongation rate during MD (data from Figs. 8 and 10). (B) Comparison of scleral creep
rate and axial elongation rate during compensation for a 5 D lens (data from Figs. 12 and 13). The creep rate values (left ordinate) are the
average of the creep rates measured at 1, 3, and 5 g of tension. Creep values are plotted at the day of VE they were measured. As in previous
figures, the axial elongation rate values (right ordinate) are plotted on the abscissa at the midpoint between the axial length measures for each
group.
The short latency of the response to deprivation or
the 5 D lens suggests that the visual environment
exercises rapid control of the scleral creep rate. The
elevated creep rate found in animals that wore a 5 D
lens from the afternoon of day 24 to the morning of
day 26 of VE indicates that the latency of increased
creep is no more than 36 h. Similarly, the 2 day
MD:recovery group showed that the latency required
to reduce scleral creep to below normal levels is no
more than 48 h.
4.4. A causal relationship?
It is tempting to speculate that changes in creep rate
directly produce the changes in axial elongation rate.
Certainly, an increased creep rate of the sclera at the
posterior pole could allow normal intraocular pressure
to gently and gradually produce an axial elongation of
the eye. Although sclera from regions other than the
posterior pole were not examined, biochemical and
anatomical studies (McBrien & Norton, 1994; Norton
& Rada, 1995; Kang & Norton, 1996; Norton & Kang,
1996) have found relatively few changes in the equato-
rial regions of the sclera, but substantial changes at the
posterior pole. Consistent with this, the tree shrew eye
enlarges more in the axial than in the equatorial dimen-
sion (McBrien & Norton, 1994).
Two findings of this study suggest that modulation of
scleral creep may contribute to the regulation of the
axial length primarily during the ‘juvenile’ period of
ocular development. First, the creep rate was low in
normal animals during the early, infantile period when
axial elongation rate is high. The rapid increase in total
protein and 4-hydroxyproline (Norton & Miller, 1995),
and the increase in scleral thickness (Kang & Norton,
1996; Norton & Kang, 1996) suggest that active growth
of the sclera is the predominant factor during this
period. As growth slows at the end of the infantile
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Table 5
Modulus of elasticity (MPa) of sclera in the 5 D lens groups
Thickness (mm) 3–5 g1–3 g0–1 gGroup
S.E.M. MeanMean S.E.M. Mean S.E.M. Mean S.E.M.
0.53 1.615 D lens 16.66T 7.96113 3 0.83 0.12
0.88 16.7324–26 C 114 6 0.85 0.17 2.848.13
0.67 0.07Diff 1 4 0.02 0.12 0.17 3.02
18.030.445 D lens 1.05T 7.45110 4 0.56 0.12
6.91 0.34 16.5624–28 1.71C 116 15 0.82 0.90
0.44 1.47Diff 6 4 0.26 0.14 0.54 2.36
17.010.335 D lens 1.81T 7.24112 4 0.79 0.13
0.50 16.4124–35 C 115 15 0.98 0.14 0.707.13
0.36 0.60Diff 3 3 0.19 0.23 0.11 2.22
15.160.285 D lens 2.18T 6.45129 7 0.79 0.10
6.38 0.61 14.2124–45 C 1.78143 12 0.89 0.13
0.79 0.95Diff 14 8 0.10 0.10 0.07 3.12
T, treated eye; C, control eye; Diff, difference.
period and as the emmetropization mechanism of the
young tree shrews becomes sensitive to the visual envi-
ronment (Siegwart & Norton, 1998), modulation of
scleral creep may become the dominant factor. Second,
11 days of MD from 109 to 120 days of VE, after the
period of maximum susceptibility to induced myopia,
produced a substantial increase in scleral creep rate, but
no increase in the axial elongation rate. This suggests
that an additional factor, such as vitreous humor pro-
duction, may play a role in axial elongation. If sclera
becomes more extensible but there is little or no addi-
tional vitreous synthesized, the eye would not enlarge.
4.5. What scleral changes produce the altered creep
rate?
The intact sclera normally experiences low tension,
produced by normal intraocular pressure, which is in
the ‘toe region’ of the stress-strain curve. If remodeling
of the sclera is responsible for the observed changes in
creep rate, the changes occur so rapidly that the remod-
eling seems unlikely to involve extensive turnover of the
collagen framework and certainly do not depend upon
a gradual, progressive degradation of the sclera. More
likely is an alteration in the levels of the non-collage-
nous components, such as proteoglycans, between the
lamellae or at their edges that might affect the ability of
the collagen bundles to slide relative to one another. In
tree shrew, Norton & Rada (1995) and Reeder &
McBrien (1994) found lower levels of sulfated gly-
cosaminoglycans in the sclera of deprived eyes, relative
to control eye sclera. Further, Norton, Rada & Clark
(1998) found decreased uptake of 35SO4 into proteogly-
cans in deprived eye sclera, relative to control sclera,
after 4 days of MD. Anatomically, the result of this
remodelling is not known. It may be that the collagen
lamellae, or the collagen fibrils within the lamellae,
more easily slip past one another, increasing the creep
rate.
Mechanical modeling of the creep rates in deprived
and control eyes from animals in this study that re-
ceived 21 days of MD was conducted by Grissom,
Eberhardt, Siegwart & Norton (1996) using a three
parameter Kelvin model. Spring constants and dashpot
viscosities were determined for the 1 g creep tests for
the deprived and control eyes. The model provided
good fits to the creep data and found reasonably consis-
tent alterations in the deprived eye parameters. These
indicated that both the spring constants (possibly
analogous to collagen) and the dashpot constants (pos-
sibly analogous to both proteoglycans and collagen)
were altered in the scleras from the MD eyes.
4.6. Species similarities and differences
Phillips, Khalaj & McBrien (1997) have reported that
while creep strain in MD tree shrew sclera did correlate
with the amount of induced myopia, creep strain in
MD chick sclera did not. In pilot experiments in chick,
we found that creep rate in chick sclera was lower than
in tree shrew sclera at comparable tensions, and was
not significantly elevated in form-deprived chick eyes
(Siegwart and Norton, unpublished data). However, the
creep rate was measured in sclera that contained both
the cartilaginous layer and the fibrous layer. It seems
likely that the thicker cartilaginous inner layer in the
deprived chick sclera limits the creep rate when both
layers are examined together. It is possible that the
outer fibrous layer in deprived chick sclera may un-
dergo mechanical changes similar to those in tree
shrew, but that these changes cannot be observed unless
the fibrous layer is tested separately.
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There is evidence that, in chick sclera, the fibrous
layer can influence the synthesis of extracellular ma-
trix in the cartilaginous layer (Marzani & Wallman,
1997). However, the active growth of the cartilagi-
nous layer during MD or minus lens wear likely plays
a dominant role in the physical enlargement of the
eye in chick. Thus, similar signals related to the vi-
sual environment may cause similar responses in the
fibrous sclera of both species, but in chick the fibrous
sclera may act by producing growth of the cartilagi-
nous region.
4.7. Effects on the control eye?
The control eyes in most groups in this study were
not significantly different from age-matched normal
eyes in any measured property. An exception were
the creep rate and axial elongation rate of the control
eye in the 5 D lens group that wore the lens for 4
days before measurements were taken. The lower
than normal creep rate and axial elongation rate of
the control eye in this group, if substantiated by fur-
ther study, raises questions about where tree shrews
set their accommodation level (presumably linked in
the two eyes as in other mammals). Possibly, the ani-
mals may accommodate somewhat, creating less defo-
cus in the control eye, in order to reduce the defocus
in the lens wearing the 5 D lens. By reducing the
hyperopia of the control eye, this might produce less
defocus on the control eye, reduce its creep rate and,
thus, slow its axial elongation rate.
4.8. Do form depri6ation induced and minus lens
induced elongation in6ol6e the same mechanism?
There have been suggestions (Schaeffel, Hagel,
Bartmann, Kohler & Zrenner, 1994) that MD and
minus lenses may use different signaling pathways to
produce an increase in axial elongation. The results
of this study suggest that, while the retinal signals to
increase elongation rate produced by each manipula-
tion may, or may not be similar, they appear to ei-
ther converge on the same mechanism in the sclera,
or at least to produce the same effect on the mechan-
ical properties.
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